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J0UK0WSEI WTJGS.* 
By TT. Me.rgculle. 

Professor Joukowskl died in Moscow at the ago of 73 years. 
Death overtook him at a time when reoent experiments had just 
confirmed his theories with regard to supporting wings and demon- 
strated the remarkable properties of the wing sections he had 
proposed. It is this confirmation of the theories of my teaoher 
and their importance from the standpoint of aviation that I pro- 
pose to set forth in the present artiole. 

ii The JQukowskj Uingg. 

A. — Consideration, of the repeat esperj-wbg ±£ the Oflfr tinmen, . 
laboratory on the aerofoils and, ei-roeoiallv the wins, sections of 
Joukowskj. 

The GBttingen laboratory has just published** the results of 
its tests of numerous wings, made eithsr by the ordinary method 
with models 300 x 1000 urn. , with a velocity of 30 m/seo, or with 
models S00 * 1500 mm plaoed between two vertioal walls, at veloc- 
ities of 10 to 40 meters per seoond. The first series of tests 
were made with about a hundred different wing sections, the seo- 
ond with only six. 

Fig. 1 gives the sections of the Joukowskl wings, numbered 

4,33-455, also He. 558 (likewise a Joukowskl w ing) , and Eo. 380. 
* From "L'Aeronautique," August, 1831. 

** Prandtl, tfieselsberger and Beta, "Srgebuisee der Aerodynamisoh- 
en Versuchsanstalt sri Gottinger," I Lieferung (First Report of 
Gottingen Aerodynanio Laboratory), pp. 54-71. Figs. 1-3 were taken 
from the above work. 
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Fig. 3 gives the pclars of Wings 439-435 obtained from the 
300 x 1000 mm models at 3 m/seo. Aspect ratio is 5. Fig. 3 shows 
the results obtained with wings 358 and 390, both between parallel 
wails, with velocities of 10, 35 and 40 m/seo, and also by the 
ordinary method, at 10 and 30 m/seo. Aspect ratio is 5. 

?randtl' s theory of the induoed drag made it possible to de- 
termine the theoretioal aspect ratio (which was 4.1) of the sur- 
faces tested between two walls and to reduoe the results to the 
aspect ratio 5. The polar s, obtained by the two methods with the 
same Reynolds numbers, agree well, especially for wing 390, thus 
justifying the method of calculating the theoretical aspect ratio. 

The results of the Gottingen tests on aerofoils, in oonse- 
quenoe of which experiments have been made with Reynolds numbers 
higher than any heretofore realized, throw new light on a subject 
which until reoently was somewhat unknown. 

Tie will first recall the conclusions reaohed only a few 
months ago, when we examined the results of aerofoil tests made 
with a produot VI of the Reynolds number equal to 1 m a /eec* 

1. A comparison of the polar s of thin wings (maximum relative 
thickness less than 10$) showed that they were drawn on the assump- 
tion of a parabolic curve parallel to the parabola of the induoed 
drag. The sectional drag indicated by this curve was praotioally 
constant and slightly greater than the drag due to friction alone. 

The polar s of the thin flat wings followed the curve for small 

* See our artiole "L'A&odynamique experimental en 1930: Les 
Voilures," in the January, 1931, number of L'Ae'ronautlque. 
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lift coefficients and diverged from it for large lift coefficients, 
giving a rather snail maximum C a . The polars of thin cambered 
wings closely followed this curve for large lift coefficients, 
showing a high maximum value of C a , but differing appreciably 
_'-'om the curve for small lift coeffioisrts. TJhatever the camber 
of the wing, its polar closely followed the ideal curve within 
relatively narrow limits of the lift coefficients. 

2. An examination of the ourve of the polars of wings of av- 
erage thioknees (10 to 1SJ&) makes it possible to demonstrate that 
the sectional drag of this curve was greater than that of the 
curve for thin wings, but that (a very important faot) the polars 
of oertain cambered wings of average thickness followed the ideal 
ourve throughout very broad limits of the lift ooeff ioients. An 
increase in thickness tended to eliminate the deflection for small 
lift coefficients. 

3. Lastly, the sectional drag of the ideal curve of the pol- 
ars of thick wings (over 15$) was appreciably greater than that 
of the ourve for wings of average thickness. There was likewise 
demonstrated for the polars of these wings a tendency to follow 
the ideal curve closely, although in a less degree, chiefly on 
aooount of the deflection for large lift coefficients. 

To sum up, thin wings practically realize (though within very 
narrow limits of the lift coefficients and varying for the differ- 
ent wings) the ideal flow without deflection of the air stream. 
TCings of average thickness do not realize this flow without de- 



flection, but approximate it within very broad lift limit a. 
Lastly, thick -Kings diverge considerably from the ideal flow. 

From the praotioal point of view of the choioe of the wing 
seotion, this state of affairs^ that 1b, of the non-existence of 
one wing seotion superior to all others for all lift coefficients 
had led us to a method based on a rapid determination of the per- 
formances of airplanes with different wing surface areas, corres- 
ponding to the imposed conditions, maximum speed for a given oeil 
ing for military airplanes or maximum flying speed for a given 
landing speed for traffio airplanes. For oertain military air- 
planes, however, the conditions imposed led to the consideration 
of the 'minimum landing speed. 

In the above-cited article, we had been led to reoommend 
thin flat wings for military airplanes and wings of average thick 
neeB and camber, especially the Gdttingen wing No. 165, for com- 
mercial airplanes. 

T7e had long insisted, however, on the uncertainty of labora- 
tory results obtained with suoh low values of the Reynolds number 
In fact, recent experiments in the Gottingen laboratory, with val 
ues for vl of 6 to 34 m a : seo, gave results very different 
from the former ones. 

We shall consider 'in detail the conclusions which may be 
drawn from these new experiments, -and we shall add former experi- 
ments at the Gottingen laboratory on four thin wings between ver- 
tical walls, for vi = 30 m 3 : seo (See "Zeitsohrift fur Flugteo 
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nik und Hotorluftsohiff ahrt, " Hay 31, 1919, "Ahnliohkeiten an 
Flugelprof lien', n by "H. Kumbruoh. ) ■ - 

1. As regards thin wings, we find few ohanges. The sectional 
drag of the ideal curve of their polare is slightly diminished, 
hut the deflection of the air stream for small. lift ooeffioients . 
for oambered wings and for large lift ooeffioients for flat wings 
always persists. However, it seems possible to avoid the deflec- 
tion for small lift ooeffioients of a thin wing of average camber, 
by raising its trailing edge (See wing 393, which is the famous 
Lanier-Lawrence) . 

3. Things of average thioknese gain the most by Increasing the 
value of the Reynolds number. For vl * 6 m a : sec, the ideal 
curve of their polars coincides practioally, and for vl = 34 af 
seo exactly, with the curve of the polars for thin wings. 

Furthermore, the polars of some of these wings, especially 
those of the Joukowski wings (Wos. 430 and 358) ooinoide perfectly 
with this curve. The increase in the value of the Reynolds number 
eliminated the deflection of the air stream and produced a perfect 
flow for all lift coefficients. Fig. 3 dearly shows the disap- 
pearance of the deflection of the air stream for both small and 
large lift coefficients proportional to the increase of vl.* 

3. For thick wings, we find a deflection for large lift coef- 

fiolents leading to small maximum values of 0 ft . Moreover, this 

* These results show onoe more the uselessness of "comparative" 
tests with small values of Reynolds number, since, under these con- 
ditions, a thin wing and one of average thickness oan give equal 
drags, while offering very different drags for high values of the 
Reynolds number. 
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maximum value of C a , instead of increasing when vl inoreases, 
as happens for wing 358,- diminishes, as shown for wing 390. 

We oan readily peroeive the importance of these results. 
For the first time in experimental aerodynamics , we find ourselvj* 
in the presenoe of a series'" of wings superior to others for all 
lift ooeff ioients. 

From the praotioal point of view in ohoosing a wing seotion 
for an airplane, they lead to the adoption ii? all oases, of wings 
of average thioknoss and camber, and especially of Joukowski wings. 

B. Comparison of the theoretical values of the lift ooeffi- 
olent deduced from the theory of Professor Joukowski with the ex- 
perimental value 9. 

It is known that the theory of the Joukowski wings renders it 
possible to determine the values of the lift ooeff ioient in terms 
of the angle of attaok for certain groups of wing seotions whose 
characteristics he determined. 

The Joukowski wings, tested in the Gottingen laboratory, all 
belong to the same family, with ohord I (Fig. 4), obtained by rep- 
resenting in the plan of the variable oomplex £ = £ + it| by 

means of the transformation £ = z + -J^, the ciroumf erences situ- 

4z 

ated in the plane z * x + iy and passing all through the point 

x «= O r.e ~i 11 find in the Frehoh translation of Professor 

* For Vl = 6, wing' 430 gives a polar only slightly superior to that 
of wing 358. It is oertain that for VI =24, these polar s will 
continue to be practically the same, whenoe it follows that all the 
intermediate wing sections will give the same polar. 



Joukowski ' p work: n Base9 theoriques de 1' Arfronautique, L 1 Aerodynes;- 
iqus," (Parle, C-authier-Villars, 1916, Chap. VI), the complete ex- 
position of- this theory; 

Professor Joukowaki applied the above transformation to the 
circumferences whose oenters are on the x-axis alone. He thus 
obtained synsaetrloal double convex sections like wing No. 439, fo^ 
example. 

Professor Bluaenthal, after studying the pressure distribu- 
tion on Joukowaki winga, extended this transformation to every 
oircuaiferenoa whose central coordinates have positive values. He 
characterized these sections by the values * and fixing the 
poaition of the center (Fig. 4). 

The former of theas val-wa is equal to twioe the maximum rel- 
ative oamber of the mean line of the wing. The latter character-- 
lzea the maximum relative thickneaa -S of the wing, 

f = 3,3 to 3.8 (|) 

Ft ~f 
(For j = C, the wing aeotlona are area with oambera equal to -g) 

One will find in Fig. 5 these values for wings 358 and 429 to 
435. As regarde wing 358, let ub note that it was not designed as 
a Joukowaki wing. It seams to oonatltute a traneformation (by 
rounding the tip Av) of wing 165, whioh already poaaeased the thin 
cambered rear poaition peculiar to the Joukowaki wing seotione. 
In fact, if a wing seotion is .drawn from the data of Fig. 5, it 
will be practically like No. 358. 



The value of the total lift P on a double convex wing of 
infinite aspeot ratio, as given by Professor Joukowski, was 

° P = 3 n p be V* sin p 

in which p is the density of the fluid, b the radius of the 
transformed ciroumf erenoe, s the span, 0 the angle between the 
direotion of the wind and the i axis. 

In the general oase, we found for the value of the lift, 

P = 3 tt p bs V s sin (aro tang ■£ + 0 ), 

The equation for the lift ooeffioient is 

3 

x sin ( aro tang-? + $\ 
\ » J . 

For comparing the theoretical with the experimental lift coef- 
ficients, we prooeeded as follows: 

1. We traoed, in Fig. 5, the carve I4N giving the values of 

°a" -5—^ % = 9o 4; = 3. tt sin faro tang I + 0> 

■g 3 bs V 313 v 1 J 

in terms of the angles faro tang + carried on the absoissas. 

3. Let otg and o a be two correlative values of the angle of 
attack and of the lift coefficient given by the tests on a wing 
with an aspect ratio 5, the angle of attaok being measured with 
reference to the straight line AA (Fig. 4) doubly tangent to the 
bottom camber and making an angle & Q with the t axis. It is 
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known that +.he angle of attack etc (expressed in degrees), giving- 
the ooeffioient of lift o a for a wing of Infinite aspect ratio, 
is related to -the -angle- <V by "the ■ equation -- 

Consequently 

arc tang •£ + B = aro tang •£ + + a B - 3. 64 C a . 

.1 ■ 

On the other hand, o' a = o a . in which o a is the exper- 

imental value of the coefficient of lift for the angle c B . tfe 
have indicated in Fig. 5 the values corresponding to the tests 
made with wings 358 and 439 to 435. 

3. Fig. 6 gives the values of the ratios of the experimental 
to the theoretioal coefficient of lift in termB of the seotional 
drag of the same wings. 

These two figures lead us to the following conclusions: 
a. The- experimental coefficient of lift approaches the 
theoretioal coefficient of lift in the same proportion as the total 
drag approaches the friotional drag or, in other words, as the 

flow takes place without defleotlon. * 

* Aocording to the Gfittingen tests, the ooeffioient of friotion for 
surfaces of fabric with six coats of dope, would be 

16 Z f (kg/m^/m : seo) = o f = 0.0375 tr &3B 

N being the Reynolds number, equal to the product of the velocity 
times the ohord, divided by the kinetio ooeffioient of visoosity 
(whioh is JL4gj2m a : seo for air at 15°0 and 760 mm Hg). T7e thus 

find for: 

VI 3 6 IE 34 m 3 : seo. 

6f 0.C0636 0.0054 0.0047 0.00437 

300 Of=0 XJO 1.37 1.08 0.94 0.87 

(Contd. p. 10) 
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"b. For the highly osmibered wing with the angle 
arc tang* + B = 3.5° (« 8 - - 9. 1 6 ), 

the coefficient of lift, in spite of a very great seotional drag, 
cpproaohee the theoretioal ooeffioient of lift much more olosely 
than with the angles of 5.3° to 8.3°. This indicates a ohange in 
the flow whioh may likewise be observed for many other wings test- 
ed at G^ttingen and especially for the very thick wing 331, for 
whioh a negative value of the lift ooeffioient was found with the 
angle of attack * - 13° and positive values of the lift coef- 
ficient with smaller angles of attaok of -12° and -15°. This 
phenomenon is probably analogous to that produoed with large pos- 
itive angles of attaok, as shown by a comparison of wings 383 and 
383 or of 687 and 386. 

o. For VI = 6 m 8 : seo, the mean ratio of the coeffici- 
ents of lift is 0.77, insofar as there is no appreciable deflec- 
tion, and excepting wing 439. 

d. For VI = 34 m a : seo (wing 358) and for wing 439 with 
small lift coefficients, this ratio is 0.91. 

3. It is probable that, for values of VI below 34, th9 ac- 
tual flow still more closely approaches the theoretioal flow. 

T 7e thus see the reason which prevented Professor Joukowsk l 

* fcontd. from p. 9) 

If the seotional drag were due simply to friction and if the 
velocity were uniform over the whole surface, the ooeffioient of 
the sectional drag (C wo ) would equal twice the ooeffioient of 
friction. It is found, however, for osrtain very thin double con- 
vex wings, that the seotional drag is almost twloe as small as the 
friotional drag. . Thus, for wing 444, C wo = 0.56, while 
Of = 1.08, whioh results require verification. 
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and Mr. Bets (Untersuohungeiner Schukowskysohen Tragflache, Zeit- 
sohrift fur Flugteohnik una Motorluftsobiff&hrt , Seo. 34, 3S15) 
from drawing definite conolusions from the theory of supporting 
wings. In fact, the tests made by the former. in the laboratory 
of the imperial teohnioal aohool at Moscow, and by the latter in 
the Gottingen laboratory, were based on too small values of Rey- 
nolds number and led to defleotions with small ooeffioients of 
lift and very high seotional drags.* (In Professor Joukowski* s 
tests, the angles of zero lift ooefficient always differed widely 
from the theoretical values. ) 

To eum up, Professor Joukowski 1 s theory of supporting wings 
renders it possible to oaloulate the ooeffioient of lift in terms 
of the angle of attack, and Prandtl's coefficient of induced drag 
and the correction of the angle of attaok in terms of the disposi- 
tion and aspect rr.tio of the wings. By adopting a sectional drag 
equal to the friotional drag, we can very closely approximate, by 
calculation, the elements of the resultant of an aerofoil with a 
given seotion. ** 

We are therefore approaching the solution of a problem which 
has troubled eoientists sinoe the beginning of aviation. la 
A large share of the oredit for this solution will revert to Pro- 

fessor Joukorskl. Thus the words of Helmholtz are verified. 

* In Professor Joukowski' s experiments, for C a = 0 to 130, 
C-.70 = 8 to 10. and in those of Mr. Betz, for a wing similar to No. 
358 (VI « 1.4J, for 0 a = 0 to 130, 0^ = 3 to 5, while wing 358, 
for VI = 3 gives » 1,5 to 3. There is a disorepanoy here, 
whioh is explained perhaps by the oondition of the wing surfadjfr, 
but whioh should be investigated in order to determine whether it 
is not due to the method of experimenting, with wing elements 
placed between two vertloal walls in a wind tunnel with continuous 
walls, thus producing the flow of Infinite aspect ratio. 
■** S9s next page. 



13 



** Up to lift .coefficients of 0.075 kgm 8 m : seo, wings 430 and ?68 
give results whioh seem incapable of improvement. All further re« 
searches should bo devotad to devising waya to avoid defleotione 
at high coefficients of lift. From the latter point of view, so- 
lutions similar to that of Handley-Page appear promising. Let us 
reoall that the theory likewise renders it possible to traoe the 
curve of the oenters of lift and let us, in this oonneotion, turn 
our attention to the shape of this curve for wing 431, whioh, in- 
stead of comprising, as for all the other wings, a neutral branch 
with positive ooeffioients of lift and a stable branch, with nega- 
tive ooeffioients of lift, oonsists, within the limits of the 
tests, of a neutral branch and a stable branch with positive ooef- 
fioients of lift and a neutral branch with negative ooeffioients 
of lift. 



Translated by National Advisory Committee for Aeronautios. 




Fig. 1. Joukowski wing sections. 
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Fig. 2. Polar s of Joukowskl wings Nos. M-2Q- I J-35. Aspect ratio of wings is 5. 
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Fig. 3. Polsxe of wings Nos, 358 and 390. 
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E is tiro product of the ohord in mm by the spoed m.p.s. t^ie the 'jing^chord. 
whioh was 600 mm in the tests between vertioal walls and 200 mm in tne tests oy 
the usual method. 
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Fig. 6 - Values of the ratio of the experimental (C' ae ) to the theoretioal (C* a +) lift 

coefficient. 
Note:- Wing designations are same as in Fig. 5. 



